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CHAPTER I 
INTRODUCTION 
Malathion is an organophosphorus sulfur-containing insecticide 
and pesticide which was introduced by the American Cyana�id Corporation 
in 1950 for experimental:iUSe::(1). � .Sirtce that .time: there,.has been 
much work done on the properties and mode of action of malathion, but 
to this writer's knowledge, no investigation of the relationship be­
tween malathion and sulfur metabolism has been made. An addition to 
the already existing knowledge of tqis insecticide '\t.OUld seem impera­
tive, especially since malathion itself contains sulfur. 
In a study of the labilization of lysosomes as an aspect of the 
biochemical toxicology of anticholinesterases, Ntiforo and Stein (2) 
used the release of aryl-sulfatase from lysosomes as a measure of the 
lysosomal stability, They found that after a single intraperitoneal 
injection of malathion, the experimental lysosomes released aryl­
sulfatase at a significantly higher r�te than the controls . In this 
study, aryl-sulfatase release was used as a criterion for lysosomal 
stability because of· its ease of measurement, but these data do sug­
gest a relationship between malathion and sulfur metabolism not pro­
posed by·the investigators. 
Malathion's effectiveness as an insecticide and pesticide is 
due to its ability to inhibit acetylcholine esterase. In addition to 
acetylcholine esterase, organophosphates have been shown to block a 
1 
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number of o.ther hydrolytic enzymes including pseudocholine esterase, 
lipase, other esterases ,. trypsin, and chymotrypsin (3). Bigley. and 
Plapp (4), and Matsumura and Brown (5) found proof that malathion is 
a carboxyesterase inhibitor. Murphy (6) found that when malathion 
was given repeatedly in non-toxic do,se·s:,: it inhibited its own further 
hy,drolytic detoxication by inhibiting the malathion hydrolyzing 
esterase. Frazier (7) reported that inhibition of esterases other 
than acetylcholine esterase may be a significant factor in organo­
phosphorus toxicity. 
If malathion is a general esterase inhibitor as the above in­
formation suggests, it should have an inhibitory effect on the.forma­
tion and fixation of ester sulfate in vivo. Since the fixation of 
sulfate has been suggested as a sufficiently sensitive .technique for 
growth\hormone assay (8)� it is feasible that organophosphate. toxicity 
could be detected by measuring the ,effects on sulfate fixation. 
The utilization of organic and inorganic sulfur by the normal 
rat has been investigated by Miehe ls and Smith (9). .Since the effects 
of organophosphorus .insecticide intoxication on sulfur metabolism may 
vary depending on the ratio of organic.to inorganic sulfate.in the 
diet, a comparison of the data obtained from the above study with 
data obtained when rats were fed these diets but were also given 
selected levels of malathion seems nece·ssary. 
The investigation reported in this thesis was designed to study 
the effects of malathion administration·on sulfate fixation in rats 
and to determine whether or not these effects are related to the level 
·of inorganic sulfate in the diet. 
CHAPTER II 
REVIEW OF THE LITERATURE 
I . MALATHION 
History 
Malathion is the least toxic member of a group of insecticides 
called the organophosphorus insecticides (10). This group of insecti­
cides resulted from the work of Gerhard Schrader of Germany in chemical 
warfare research prior to World War II. Little was known about organo­
phosphorus insecticides until after the defeat of Germany (11). The 
first organophosphorus insecticides, parathion (O,O-diethyl-0-p-nitro­
phenyl-thiophosphate) and TEPP (tetraethylpyrophosphate) (12) are among 
the strongest ones in the group. Parathion, made available in 1946 
(13), is one hundred times as toxic to mammals and three to four times 
as toxic to insects as malathion (14). 
Properties 
Malathion is the common name for S(l,2-dicarbethoxyethyl)-0,0-
dimethyl dithiophosphate (Figure 1) (15). It was introduced for indus­
trial use in the United States in 1952 (16) by the American Cyanamid 
Company (17). Malathion is a yellow-brown liquid-with a high boiling 
point and a low vapor pressure. It is slightly soluble in water and 
miscible with many organic solvents. 
3 
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Figure 1. The structure of malathion. 
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Malathion also has an unpleasant, garlic-like odor which aids 
in.its effectiveness as a pesticide. Majumder, Krishnakumari, and 
Krishna Rao (18), in testing twenty-seven pesticidal solutions, found 
that malathion had one of the highest degrees of repellency to the rat. 
In a high viscosity oil carrier, malathion sprayed on standard size 
jute bags at a concentration of 20 mg. /square foot has a possible re­
pellent action of 165 days. 
Hazelton (19) of Hazelton Laboratories, one of the first investi­
gators of malathion,found that malathion was quite stable when stored 
at room temperature in nonreactive containers. Lipparini (20), in a 
more recent publication, says that technical grade malathion (95 per 
cent pure) was practically unchanged in four months storage at 5 ° C., 
regardless of the container, but at 40 °C. , the decomposition was 15 to 
20 per cent in four months. It is readily hydrolyzed at a pH above 
7.0 or below 5.0, but is stable in aqueous solutions buffered at pH 
5. 26. Malathion is synthesized by the addition of 0,0-dimethyldithio­
phosphoric acid to diethyl male ate (Figure ::1). The presence of hydro­
quinone is necessary to suppress the polymerization of the unsaturated 
ester (1). 
Mechanism of Action 
Malathion's effectiveness as a pesticide and an insecticide is 
due to its ability to inhibit the enzyme acetylcholine esterase. This 
enzyme is essential for the proper functioning of the central nervous 
system. Acetylcholine is released at parasympathetic nerve endings and 
6 
acts as a transmitter on the effector organ. Before another impulse 
may be transmitted, the acetylcholine must be hydrolyzed by acetyl­
choline esterase to form acetic acid and choline (2 1). If acetylcholine 
is not hydrolyzed, there is a continual transmission of the impulse re­
sulting in spastic movements, convulsion, and eventually death. 
Effect of the Route of Admini!tration on Toxicity 
The route of administration of malathion has an effect on the 
rate and degree of intoxication. Natoff (22) found a difference in 
mice in the in50 values obtained for intraperitoneal and oral routes 
(hepatic routes) and subcutaneous and intravenous routes (peripheral 
routes). He found that larger amounts of the organophosphorus insecti­
cides were necessary for the IDso dose when administered by the hepatic 
routes· than by the peripheral routes. This suggests that the avail­
ability of the compounds for metabolism by the liver is a m�jor factor 
in their toxicity. Compounds administered by the peripheral routes 
would enter the peripheral venous circulation directly and only about 
27. 5 per cent would traverse the liver during the first passage through 
the body. Admini!tration of compounds by the hepatic routes results 
in their access to the peripheral venous circulation predominately by 
way of the hepatic portal system. 
There is al!o a difference in the absorption of malathion when 
given by various routes. Of the four routes previously discussed, the 
best absorption is by the oral route. Vegetable oil solutions of mala­
thion appear to facilitate the gastrointestinal absorption (23). Mala­
thion is most poorly absorbed through. the subcutaneous route. Stelman 
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and Stewart (24) gave human males 100 mg. of malathion as a 1 per cent 
talc dust. less than 10 per cent of the malathion was absorbed. 
Metabolism 
Although the degree of toxicity varies with the route of admin­
istration, the basic chemistry of the metabolism of malathion is 
thought to be the same. Malathion is both activated and detoxified in 
the liver. In liver microsomes malathion is oxidized to its ·more toxic 
analog, malaoxon (25). In this reaction the double-bonded sulfur of 
malathion is replaced with oxygen. Nicotina�ide adenine dinucleotide 
(NAD) and magnesium ions are required for. this conversion in vitro. 
Once malathion has been converted to the oxygen analog, several 
reactions can take place (26); ( 1) inhibition of acetylchbliie e�terase 
enzyme in blood and various organs, (2) hydrolysis to an inactive com­
pound, and (3) inhibition of aliesterase enzymes in blood and various 
organs. Malathion inhibits acetylcholine esterase by phosphorylating 
the enzyme's serine hydroxyl group forming a covalent bond ( 3). This 
reaction deactivates acetylcholine esterase and prevents its normal 
action of hydrolyzing acetylcholine so that this compound accumulates 
at nerve synapses. 
The second reaction, hydrolysis of malaoxon, detoxifies the com­
pound. Casida (27) found that this detoxication results from hydrolysis 
by aliphatic esterases at each of the ester sites on the molecule to 
give at least thirteen theoretical metabolites, most of which have been 
isolated. Cook and Yip (28) and Casida agree that the most significant 
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site of hydrolysis· is at the carboxyester group forming the non-toxic 
monocarboxylic acid analog. Stelman (23) also found that malathion 
monoacid was the principal urinary metabolite. He found that the prin­
cipal degradation products -in the feces were dimethylphosphate and 
0,0-dimethylphosphorothioate. 
Species Difference in Intoxication 
Malathion represents', the, ,only,. true11.succe ss,, in deve lop.ing .ani1 insec­
ticide that is of low toxicity to mammals but highly toxic to insects. 
Detoxication, the second reaction, affords malathion this ability. 
Mammals are thought to be able to detoxify malathion to a much greater 
degree, much faster than insects (29). CXJBrien (30) has proposed the 
idea that the species difference in susceptibility is due to the dis­
tance between the anionic and esteratic sites in the choline esterase 
of the two species. He proposed that the choline e ste rase of insects 
is better suited for reaction with malathion than the choline esterase 
of mammals. Metcalf (31) obtained data suggesting that the reduced 
mammalian toxicity may result from poor absorption. 
Sex Difference in Intoxication 
A sex difference in susceptibility to malathion poisoning and 
organophosphorus poisoning in general also exists. Taylor, Kalow, and 
Sellers (32) found that in rats up to 30 days of age, sensitivity to 
parathion is·similar in males and females, but in adult rats, females 
form the toxic oxygen analog much more rapidly than males. Differences 
can be abo lished by the administration of testosterone to females or 
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diethyl stilbestrol to males (27). In a study by Murphy and Dubois 
(33), activity of the livers of male rats was about four times as great 
as that of females as evidenced by the detoxication of 4 pg. of malaoxon 
per mg. of male rat liver and 0. 99 pg. per mg. by the livers of female 
rats. 
Response of Different Insect Strains 
In addition to sex and species differences in response to mala­
thion, there is also a difference in response by certain strains of in­
sects, especially houseflies, mites, mosquitoes, and roaches. In con­
trast to . the susceptibility of most insects, these strains of .insects 
have developed a resistance to malathion. Most investigators believe 
that a high carboxyesterase activity is responsible for.the resistance 
phenomena (34). Bigley and Plapp (4) found that the malathion resistant 
strain of the mosquito, Culex tarsalis, exhibited three times more 
carboxyesterase activity than a normal strain. Vass, Dauterman and 
Matsumura (35) found that the malathion resistant two-spotted spider 
mite has a superior ability to degrade malathion at the carboxy�ster 
as well as at the phosphoester bond. Matsumura and Dauterman (36) 
found that the ,insects had become resistant to the normal malathion 
molecule. Substitution of methyl groups at either end of the malathion 
molecule quickly diminished the degree of resistance. Oppenoorth (37) 
found that a certain type of gene called oligogene was responsible for 
an important part of the resistance in insects. 
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Synergists 
Results from work of Plapp et�· (38) and Henneberry and Smith 
(39) provided evidence that with certain synergists, resistance to 
organophosphorus insecticides could be overcome by inhibition of degra­
dation mechanisms. Potentiated toxicity or synergism between two cpm­
pounds is assumed to be present if non-toxic doses of each when combined, 
produce a greater mortality than did twice these doses of either compound 
alone. EPN (p-nitrophenyl thionobenzene phosphonate), chlorothion, 
phostex (40) and TOTP (triorthotolyl phosphate) (41) have been found to 
potentiate malathion intoxication. EPN and malathion showed the greatest 
potentiation. When the two compounds were given orally to rats in an 
approximately equitoxic ratio of 25 parts of malathion to one part of 
EPN, the LDso was 167 mg. /kg. for malathion and 6. 6 mg. for EPN, which 
represented a 10-fold increase in the. toxicity of each agent. If the 
two compounds had exerted strictly'additive toxicity the in50 of this 
particular combinatio.n should have been 700 mg. /kg. of malathion plus 
32. 5 of EPN (one-half of the ID50 of each compound) (42). A single 
dose of EPN inhibits the ability of rat liver to detoxify malaoxon for 
as long as 72 hours. In order for potentiation to occur, it appears 
that one or both compounds must inhibit. inactivation of the othe-r (40). 
Fawley (26) showed that an effective in vivo dose of EPN de­
pressed plasma choline esterase more than red cell choline esterase and 
that an effective dose of malathion depressed red cell choline esterase 
with ,little effect on plasma choline esterase. The above reactions 
occured because acetylchbline esterase, found in red blood cells, is 
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specifically inhibited by malathion while butyrocholine esterase, or 
pseudo-choline esterase, found in plasma, is specifically inhibited 
by EPN. Given together, these insecticides gave plasma-red-cell 
choline esterase depression similar to that produced by malathion 
alone but from a much lower level of administration. This could be 
interpreted to mean that EPN helped to make malathion available to 
the blood stream choline esterase enzymes. 
Malathion has also been shown to potentiate itself. Murphy (6) 
found that guinea pigs and rats pretreated with doses of malathion 
which did not produce inhibition of choline esterase, but which did 
inhibit malathion-esterase (detoxifying. enzyme), were more susceptible 
to poisoning by a second dose of a quantity of malathion which was not 
sufficient to cause choline esterase inhibition in animals not pre-
treated. The results of this investigation indicate that an early 
biochemica 1 event leading to poisoning by· malathion is the inhibit ion 
of its own further hydrolytic detoxic�tion by a metabolite of the parent 
insecticide. Murphy proposed that this metabolite .. was malaoxon . . Im 
this study Murphy also found that technical grade malathion (95 per 
cent pure) was more toxic than primary grade �99. 6 per cent pure), 
probably due to malaoxon present in the 95 per cent pure sample as an 
impurity. 
Determination of Intoxication in Man 
Since malathion is a specific inhibitor of acetylcholine esterase, 
the depression of this enzyme in red blood cells is measured in order 
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to determine the degree of malathion intoxication. Frequent determin­
ation of acetylcholine esterase depression is especially important for 
those persons who are in frequent contact with malathion or other 
organophosphorus insecticides since depression occurs before other 
symptoms of poisoning are manifested. There are several ways of 
measuring acetylcholine esterase activity in red blood cells (44): 
(1) measurement of the amount of acetic acid produced, (2) measurement 
of the amount of thiocholine developed due to enzyme hydrolysis of 
acetylthiocholine, (3) Warburg manometric technique, and (4) measure­
ment of metabolites in the urine. Kits for quick, easy, and fairly 
accurate estimation of acetylcholine esterase depression have been 
manufactured for use in factories and field work. The use of these 
kits· is based on a change in pH as a result of liberated acetic acid. 
Symptoms of Intoxication 
In humans, the symptoms of malathion poisoning (45) are anorexia, 
nausea, sweating, muscular fasciculations, abdominal cramps, vomiting, 
diarrhea, salivation, involuntary defecation and urination, weakness, 
drowsiness, and slurring of words. Death usually results from respir­
atory arrest. In man, 150 mg./kg. will produce moderate symptoms, 
while 600 mg./kg. is the estimated lethal dose for the oral route as 
compared with 1400 mg./kg. and 1000  mg. /kg. for male and female rats 
respectively (46). 
Residues on Food 
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. Very few human deaths have been attributed to malathion poison­
ing as compared to other organophosphorus poisons, and most of these 
were suicides or poisoning in very young children. To this writer's 
knowledge, no deaths have occurred from malathion residues on foods . 
The application of malathion is recommended no later than 21  days be­
fore harvest. Malathion residue levels in the soil and on plants drop 
rapidly (47) . Koivistoinen (48) found that the rate of disappearance 
depended on the amount applied; the less.applied, the more·rapid the 
disappearance. Malathion residues on lettuce were found in significant 
quantities for only 2-4 days after spraying (49). There was no off­
flavor in meat of malathion-treated hogs or cattle (SO), and no detect­
able malathion in the milk or meat of cows fed 200 parts per million 
(p . p . m . )  of malathion based on the total food intake for 41-44 days 
(5 1). The residue tolerance according.to the Miller·Amendment to Public 
Law 518  is 8 p . p. m .  actual malathion in or on raw agricultural commod­
ities ( 14) .  
Aleviation of Malathion Intoxication 
Extensive research has been done in order to find chemicals 
which will reverse the effects of malathion poisoning . .  These effects 
can be reversed if the malathion-enzyme complex has not undergone 
"ageing" (52) . Ageing of the complex occurs when an alkyl group is 
removed from the malathion residue joined to the acetylcholine esterase 
so that the chemicals now used in treatment of malathion poisoning are 
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not effective in freeing the enzyme. Hobbiger .  ·(53) proposed that the 
conversion leads to additional bonding so that the malathion residue 
is more tightly bound to the enzyme . 
The most successful treatment of malathion poisoning has re� 
sulted from the use·of a combination of three chemicals (54). This so­
called AMP therapy includes the use of atropine, metaraminol, and an 
oxime, pyridine aldoxime methanesulfonate (P2S). When malathion or 
organophosphorus poisoning occurs, atropine (33) should be given 
every ten minutes in 5 mg. doses until signs of atropinization appear 
(dry skin, dilated pupils, tachycardia, etc. ). Atropine will competi­
tively block the action of acetylcholine that is accumulating at mus­
c·arinic receptor sites but it will not free acetylcholine esterase fr,0.m 
its inhibitor. 
Metaraminol, 10 mg. , can be given with atropine. It has been 
shown to reduce the side effects of atropine and to enhance the antag­
onistic action of atropine against acetylcholine accumulation i54). 
The third member of the AMP. therapy team, pyridine aldoxime 
methanesulfonate (P2S), will reverse the phosphorylation·of acetyl­
choline esterase (37). This· reversal involves a competition between 
the hydroxyl groups of serine and the oxime for. the phosphoryl (mala­
thion) group. The covalent bond with serine is broken and a new co-
·valent bond is ·formed with the hydroxylamine freeing the enzyme, 
acetylcholine esterase (3, 55). It has been shown 1 in animal studies 
that oximes in combination with atropine can decrease the toxiqity 
of organophosphorus compounds more. than a hundred fold (32). 
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Acute episodes of organophosphorus poisoning seldom last longer 
than 48 hours; most deaths occur within the first 24 hours. If a 
patient can survive for two days, he will usually recover completely 
(32), but cases of organophosphorus poisoning have been reported in 
which patients developed paralysis of the legs, arms, and hands after 
the usual symptoms of poisoning had subsided (56). This paralysis is 
thought to be due to demye linating lesions in the spina 1 cord caused 
by the accumulation of unhydroly zed acetylcholine at cholinergic 
synapses. TOCP (tri-ortho-cresylphosphate) (7 ), DFP (di-isopropyl­
fluorophosphonate), and mipafox (bis-monoisopropyl-amino fluorophos­
phine oxide) have caused this delayed paralysis. Malathion has caused 
muscular weakness, but not paralysis (56). 
Malathion Prophylaxis 
In addition to uses as pesticides and insecticides, malathion 
is also used to treat myasthenia gravis and glaucoma. Myasthenia 
gravis (57) is a chronic disease characterized by weakness and abnormal 
fatigability of skeletal muscles. Since deficient release of acetyl­
choline is believed to be responsible for this disease, malathion can 
be administered to inhibit acety lcholine esterase and cause an accumu­
lation of acetylcholine. 
Glauc·oma (58) is a disease of the eye evidenced by an increase 
in intraocular pressure. Failure to control the increase in intra­
ocular pressure results in irreparable damage to the eyes and eventual 
blindness. One of the reasons for the increase in intraocular pressure 
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is thought to be obstruction of outflow channels, causing a decreased 
flow of aqueous humor. Malathion therapy possibly lowers the intra­
ocular pressure by decreasing. the flow of aqueous· humor. into the eye 
and/or by increasing the permeability of the blood-aqueous humor barrier. 
In addition to increasing the permeability of the blood-aqueous 
humor barrier in glaucoma, malathion has been shown to increase the per­
meability of lysosomes, resulting in the rele ase of aryl-sulfatases 
(2). Because of this and, other relationships between malathion and 
sulfur metabolism proposed in Chapter I, a discussion of sulfur metab­
olism would seem appropriate to include in this review. The oxidation 
of sulfur .has been reviewed in detail by Rutledge 1 and will not be re­
viewed in this paper. T�is portion of the review will be limited to a 
discussion· o.f active sulfate, 3' -phosphoadenosine 5 '-phosphosulfate 
(PAPS), and its role in ester formation. 
II. 3 '-PHOSPHOADEOOSINE 5 '-PHOSPIDSULFATE (PAPS) 
Formation of PAPS 
Sulfate is found, mostly in the form of esters, in a great number 
of compounds · widely distributed in living organisms. It is now known 
that PAPS is responsible for the formation of these esters. Demeio 
began the study of sulfate activati_on in 1952 when he found that ATP 
(adenosine triphosphate) could furnish the energy for sulfate activation 
(59). Bernstein and McGilvery (60) further clarified the mechanism of 
1Rutledge, H. R. • 1 966 Inhibition of cysteine oxidati�n in vita­
min E deficiency. Unpublished Ph. D. Thesis. The University of Tennesee. 
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sulfate activation when they found proof that two steps were involved 
in the activation, each having a specific enzyme. In 1955, Hilz and 
Lipmann (61) found that active sulfate was a mixed anhydride between 
sulfate and phosphate, the phosphate being most likely linked to 
adenosine. Soon after this discovery Robbins and Lipmann (62, 63) 
isolated PAPS and revealed its structure. Baddiley, Buchanan, and 
Letters (64) strengthened the findings of Robbins and Lipmann by syn­
thesizing PAPS. After the isolation of PAPS, Bandurski and coworkers 
(65) and Robbins and Lipmann (63) identified the mechanism and enzymes 
involved in the formation of active sulfate (Figure 2). In 
the first reaction, catalyzed by ATP-sulfurylase, ATP reacts with in­
organic sulfate to yield adenosine 5'-phosphosulfate and pyrophosphate. 
Since the reverse reaction is thermodynamically favored, the forward 
reaction as well as the over-all synthesis of PAPS is considerably 
enhanced by the removal of pyrophosphate by pyrophosphatase. Adenosine 
5'-phosphosulfate (APS) kinase catalyzes the second reaction in which 
APS plus ATP irreversibly form active sulfate. 3'-phosphoadenosine 5'­
phosphosulfate, and ADP. Both enzymes require as cofactors magnesium 
or other divalent cations. Bandurski and Wilson (65) assigned to mag­
nesium the role of enabling sulfurylase to bind sulfate so that 
sulfurylase-magnesium-sulfate is the reagent which attacks ATP. Peck 
(66) proposed an alternate second reaction occurring in certain micro­
organisms in which instead of the formation of PAPS, the enzyme APS­
reductase catalyzed the reaction of APS with two electrons to form·AMP 
(adenosine monophosphate) and sulfite. 
1. 
2. 
ATP 
pp 
APS 
+ s ATP-,c Sulfurylase 
PP-ase 
> 2P 
+ ATP 
APS-
kinase 
APS 
PAPS 
Over-all reaction 
2ATP + s PAPS + · 2P 
Figure 2. Formation of PAPS. 
+ 
+ ADP 
pp 
+ ADP 
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AF 0 , + 11,000 
AF 0 , - 5,000 
AF9- , - 6,000 
AF 0
, 0 
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Fa�tors other than the presence of ATP and magnesium have been 
found to affect the formation and utilization of PAPS. Hypertension 
(67) and progesterone (68) increase the utilization of PAPS while UTP 
(uridine triphosphate) (69) and estradiol (70) inhibit the uptake of 
sulfate from PAPS. There is much controversy concerning the effect of 
vitamin A on sulfation by PAPS. Some investigators2 (. 7 1, 72) say a 
deficiency or excess of vitamin A causes decreased incorporation of 
3Ss while others say (73, 74) this is not the case. There is also dis­
agreement regarding. the reactivation of PAPS by vitamin A. Subba Rao and 
Ganguly ( 75) helped to solve this controversy when they found that the 
success of vitamin A in reactivating PAPS depends on the degree of 
vitamin A deficiency. In mild or moderate vitamin A. deficiency, addi­
tion of vitamin A in some form will reactivate PAPS, while in severe 
deficiency, vitamin A. has no effect on restoring PAPS activity. Several 
investigators (76, 77, 78) have found that vitamin A deficiency and 
toxicity damage cell membranes. It has been proposed that this effect 
is the· cause of altered sulfation especially since there are reports 
of the release 0f aryl .. sulfatases in both vitamin A deficiency and 
toxicity (74). Sundaresan and Wolf3 found that the first step in PAPS 
formation was the one depressed in vitamin A deficiency. 
2 Sundaresan, P. R. ,.R. M. Elford and G. Wolf 1964 The rela-
tion of vitamin A to sul(ate activation and steroid hydroxylation. 
Federation Proc. , 23: 47 9  (abstract). 
3 
Sundaresan, P. R. and G. Wolf 1963 Evidence for the partici-
pation of a vitamin A derivative in ATP-sulfurylase action. Federation 
Proc. , 22 : 293 (abstract). 
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The transfer of sulfate from PAPS to various acceptors· is cata­
lyzed by a group of enzymes called sulfokinases. Each type of compound 
may require a different sulfokinase. The compounds known to accept 
sulfate from PAPS through .the action of sulfokinases can be grouped 
into three classifications ( 79): (1) aromatic hydroxyls, (2) aliphatic 
hydroxyls, and (3) aromatic or aliphatic amines. 
Sulfate Acceptors 
Aromatic hydroxyls. The transfer of sulfate from PAPS to aro­
matic hydroxyls was first demonstrated by Gregory ·and Lipmann (80) in 
the sulfation of phenolic compounds. Sulfurylation of phenols is a 
two-step reaction: first, the activation of sulfate and second, the 
transfer of sulfate from PAPS to phenols catalyzed by phenol sulfo­
kinase (7 1). PAPS acts as a coenzyme in the transfer of sulfate to 
phenols. This reaction was at first thought to occur only in the 
liver where it serves to detoxify phenolic compounds. In 196 1, 
Wortman (81) found that phenol sulfotransferase was active in beef 
cornea in the transfer of sulfate from p-nitrophenyl sulfate via PAPS 
to corneal mucopolysaccharides. The transfer of sulfate from p­
nitrophenyl sulfate to phenol is a sensitive assay for the PAP or 
phenol sulfokinase· ( 81). Methods for the assay and identification 
of PAPS are its almost complete hydrolysis by 0. 1 N. HCl at 37 °C. in 
30 minutes, its absorption maximum at 260 my, and its hydrolysis by 
3' -nucleosidase which cleaves the 3' -phosphate group (82). 
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Phenol sulfokinase is now thought to be a relatively unspecific 
enzyme (82). In addition to beef cornea and liver, it has also been 
· found in kidney, intestinal mucosa and granulation tissues, although 
its function in each of these tissues has not been elucidated (8 3). 
Adams (83) found evidence that several rather specific steroid 
sulfokinases exist. Enzymes capable of conjugating steroids to form 
sulfate esters had been found only in liver when Adams began her. in­
vestigation. Unfractionated liver preparations had been found to sul­
fate a wide range of steroids. Nose and Lipmann (84) were able to 
separate an enzyme fraction which sulfated. estrone from one which sul­
fated dehydroisoandrosterone. Adams found that extracts of chick 
embryonic cartilage were found capable of sulfating estrogenic steroids 
but not a variety .of other steroids tested. She concluded that in mam­
malian cartilage extracts, two separate enzymes are responsible for 
sulfating the simple phenols and the phenolic steroids. 
L-tyrosine o�sulfate has been identified as a component· of mam­
malian urines, mammalian fibrinogens, and gastrin (isolated from hog 
mucosa), but its synthesis in vivo is not clear. Evidence suggests 
that the carboxyl group of L-tyrosine must be blocked before the 
phenolic hydroxyl group of the a�ino acid can. undergo sulfation in 
the rat liver phenol-sulfotransferase system (79). Jones and coworkers 
(85) found that L-tyrosylglycine can act as a sulfate acceptor in the 
rat liver while glycyl-L-tyrosine cannot. One of the products of the 
sulfation of L-tyrosylglycine was identified as L-tyrosylglycine-O­
sulfate which may account in part for its presence in urine. The 
sulfurylation from PAPS to amino alkyl phenols such as tyramine, 
noradrenalin, and serotonin has been observed in extracts·of snail 
gland and of rat liver. 4 
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Aliphatic hydroxyls. The most important ester compounds in the 
aliphatic hyd�oxyl group are the carbohydrates. D'�bramo and Lipmann 
(86) demonstrated that PAPS was responsible for the sulfation of 
chondroitin sulfate in vitro when the extract was incubated with 
adenosine triphosphate and magnesium chloride. PAPS is the precursor 
of chondroitin sulfate in cornea and the molecule is polymerized before 
sulfation. Suzuki and Strominger (87) found that chondroitin sulfates 
A and B and chondroitin sulfate C isolated from shark cartilage were 
sulfated on the fourth and sixth carbon respectively. These investi­
gators (88) also found that an enzyme isolated from the isthmus of 
·hen oviduct catalyzed the transfer of sulfate from PAPS to monosac­
charides and oligosaccharides containing acetylgalactosamine. 
There is evidence for the existence of sulfokinases spe�ific for 
the various chondroitin sulfates. 
5 
An enzyme specific for chondroitin 
sulfate in embryonic calf cartilage has been isolated. A human 
4Goldberg, I. H. , and A.  Delbruck 1959 Transfer of sulfate 
from 3'-phospho-adenosine-5'-phospho-sulfate to lipids, mucopolysac­
charides, and amino alkyl phenols. Federation Proc. , 18: 235 (abstract). 
5 " Hasegawa, E. , A. Delbruck and F. Lipmann 1951 Sulfate trans-
fer specificity for chondroitin sulfates in tissue preparations. 
Federation Proc. , 20: 86 (abstract). 
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chondro-sarcoma extract has shown specificity for chondroitin sulfate 
C. In calf embryo skin extract, a differentiation between the sulfo­
kinases for chondroitin sulfate A and C and for B has been found. 
Balasubramanian and Bachhawat (89) demonstrated the presence in rat 
brain of an enzyme specific for heparitin sulfate and chondroitin sul­
fate B. 
McKhann, Levy, and Ho (90), in working with another aliphatic 
hydroxyl, found that galactocerebrosides were sulfated by a soluble 
enzyme obtained from the microsomal fraction of rat brain. Hauser (91) 
has suggested that galactocerebrosides are the precursors of sulfatides. 
McKhann concluded that galactocerebrosides are sulfated by PAPS to form 
sulfatides and that the sulfate-transfer.ring enzyme is galactocerebro­
side sulfokinase. 
Although no information was found in the literature concerning 
the sulfation of choline in mammals, this reaction has been studied in 
fungi. The isolation of the choline ester of sulfuric acid from a 
natural source was first done in 1937 by Woolby and Peterson (92) from 
Aspergillus sydowi. Since that time choline sulfate synthesis in vitro 
has been observed in a number of extracts of fungi in the presence of 
ATP and magnesium ions. The synthesis process is catalyzed by choline 
sulfokinase (93). In all fungi tested choline sulfate was necessary 
for the transfer of sulfate from PAPS to choline. Choline sulfate in 
fungal mycelia is envisaged as a source of easily assimilated sulfate 
existing in an activated state . The pathway of utilization is thought 
to involve transfer of sulfate from choline sulfate to PAP to form PAPS 
and the subsequent reduction of PAPS to give sulfite and eventually 
cyste ine <.94). This reaction was also discussed by Pe ck ( 66). 
24 
Amines. Less information is found in the literature about the 
third group of ester sulfates, the amines. Spolter and Marx,(95)'. .. have 
shown that labeled.inorganic sulfate was incorporated into heparin by 
a mouse mast-cell tumor homogenate thus proving that PAPS is involved 
in sulfation of heparin. 
After reviewing sulfation research, findings indicate that much 
is still unknown. However, there appears to be universal agreement 
that inorganic sulfur is coupled to the formation of ester sulfates 
by energy from ATP. The enzymes which catalyze these coupled reactions 
are specialized esterases; therefore, since malathion was shown to be 
an esterase inhibitor, a relationship between sulfate fixation and 
malathion intoxication seems to be a reasonable assumption. 
CHAPTER III 
EXPERIMENTAL 
I . GENERAL PLAN 
The main objective of this· investigation as ·originally planned 
was to study the effects of malathion administration on sulfate fixa­
tion in rats. Later an investigation was made to determine whether or 
not these effects are re lated to the leve 1 of inorganic sulfate in the 
diet. Both of these problems were. investigated in addition to others 
which grew from the initial investigation. This study was divided into 
seven e xperiments which are described in chronological order. Methods 
common to many experiments are discussed in the latter part of this 
chapter. 
Experiment .! 
This part of the study was designed to investigate the effe�ts 
of malathion administration on brain acetylcholine esterase activity 
35 
and on 8-sulfate uptake by rib cartilage mucopolysaccharides. To 
begin the study, a survey was conducted using several levels of mala­
thion ranging from 100 to 1000  mg. /kg. of rat. Certain levels were 
selected for more intensive investigation as a result of this survey. 
Both male and female rats were used in order to determine whe ther or 
not there is a sex difference in response to malathion as has been re-
ported by other investigators (27, 32, 33). Rats weighing between 
25 
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200 g. and 250 g. were used for the survey and all of the other exper­
iments . The rats were fed lab chow
1 
and received food and distilled 
water ad libitum. They were housed individually in wire mesh cages. 
The female rats were Wistar rats from the Nutrition Department colony 
as were those used in all subsequent experiments except experiment 3. 
The male rats used in this experiment and the females used in experi­
ment 3 were Sprague Dawley rats obtained from the Animal Husbandry 
colony. 
The malathion
2 
was administered by stomach tube with corn oil 
as a carrier. Malathion is well absorbed by the oral route and dis­
perses evenly in corn oil, a carrier which facilitates · its absorption 
(23). There were three rats in each group for each replication : one 
receiving malathion in oil, one receiving a sham tube feeding of oil, 
and one receiving no treatment. The rat given corn oil was used as 
the control since Baron (6) has shown that oral administration of 5 to 
10 ml. of corn oil per kg. produces a significant inhibition of the 
activity of certain esterases. The concentration of malathion in the 
corn oil solution was 100 mg . /ml. and 200 mg./ml., the concentration 
used depending on the level of malathion to be administered. As a 
result of using these concentrations, all rats on the study received 
less than a total of 2. 0 ml. of corn oil during the 3 day treatment 
period regardless of the level of malathion given. 
1
Purina Laboratory Chow, Ralston Purina Company, St. Louis. 
2 
b · · d  Donated y the American Cyanami Company, Princeton, N. J. 
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The rats were given malathion and oil every 24 hours for 3 days . 
Stavinoha et al . (96) has shown that symptoms of organophosphorus 
·poisoning become maximal at about the third day of administration. He 
observed that the acetylcholine content of the brain tissue rises to 
the highest level on the third day, indicating that acetylcholine 
esterase is most inhibited during. this period . On the third day, the 
rats were in jected subcutaneously with approximately 10 fc .  Na2
35so4 
as carrier free Na2
35so4 in 0 . 5  ml . of isotonic saline . They were 
killed by decapitation 24 hours after this injection. Bostrom (97) 
has shown that maximum incorporation of 35s into chondroitin su lfates 
of rib cartilage occurs in 24 hours . Decapitation was chosen as the 
method for killing since Crossland (98) has shown that anaesthetization 
of animals · before killing causes the acetylcholine content of brain to 
increase by 40 per cent . Immediately after decapitation, the brain, 
liver, and rib cartilage were excised from each rat . The liver and 
35 rib cartilage were stored at -20°C .  until assays for S could be made . 
The brain was placed in · cold Ringer ' s  buffer solution and stored at 
4 ° C .  The acetylcholine esterase activity of each brain was determined . 
Experiment � 
In addition to giving malathion by stomach tube , this pesticide 
was also fed in the diet of rats . The compo!ition of the diet used 
is a modification of the diet of Cuputto et al . (99) and is the same 
as that shown for diets B and C in Table 1 except that corn oil was 
substituted for lard . The salt mixture used in this study is a 
Component 
Casein 
L-cysteine 
Sucrose 
Cornstarch 
Non-nutritive bulk 1 
Lard 
Cod liver oil 
Vitamin mixture 1 
Salt m.ixtures: 
A-- 14. 00% · 804 
B-- 3. 34% S04 
C--0 . 00% SO 4 
TABIE 1 
COMPOSITION OF TIIE DIETS 
2uantitl Per 100 
A B and C 
0 . 42% S04 0 . 10% S04 
g .  g .  
1 5. 00 15. 00 
00. 00  00. 35  
30. 00 29. 65 
32. 00 32 . 00 
10. 00  10. 00 
6. 00  6. 00 
2. 00 2. 00  
2. 00 2. 00  
3. 00 
3. 00 
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Grams 
D 
0 . 0002% S04 
g .  
1 5. 00 
00. 60 
29. 40 
32. 00 
10. 00 
6. 00 
2. 00 
2. 00 
3. 00 
1Nutritional Biochemicals Corporation, Cleveland, Ohio. 
29 
modification of the sa 1 t mixture of Hubbe 11  et �. ( 100). I ts compo­
sition is shown under salt mixture B on Table 2. Sufficient ca35so4 
was added as part of the CaS04 in the salt mix to provide approximately 
1500 counts per minute/gram of diet. The diet used was 0. 10 per cent 
inorganic sulfur as sulfate and 0. 5 7 per cent neutral sulfur as sulfate. 
This ratio of inorganic to organic sulfur as sulfate in. the diet is . the 
usual ratio. 
Five and 10 mg. malathion/g. of diet were fed by dissolving the 
required amount of the insecticide in corn oil and �ixing it with . the 
diet. Adult rats of the weights used in this experimen� (200-250 g. ) 
are known to eat 10- 12 g. of diet/day; therefore, as a result of feed­
ing. the above concentrations of malathion in. the diet, the rats ate 
approximately 250 and 500 mg. of malathion/day. Six female -rats we re 
fed diets containing 5 mg. /g. diet, and five female rats were fed diets 
containing 10 mg. /g. diet. Each rat fed malathion had a control which 
was fed the same diet but without malathion. The animals were housed 
separately in wire mesh cages and received food and water ad libitum. 
At the end of the feeding period, the rats were killed by decapitation 
and the brain, liver, and ribs of each animal removed. The ribs and 
livers were stored at -20 °C. until analyzed for 35s-sulfate incorpora­
tion. The brains were refrigerated in Ringer's buffer solutien. 
Experiment l 
Four adult female Sprague Dawley rats were fed malathion-35s3 
in corn oil by stomach tube every 24 hours for 3 days. Two of the 
3obtained from The Radiochemic� 1 Centre, Amer sham, England. 
Component 
CaC0 3 
C aS04 • 2H20 
Corn s t arch 
Mg0) 3 
NaC l 
KC l 
KH2P04 
Fe P04 , 2H20 
KI 
NaF 
A lK(S04) 
Cu (C 2Hj) 2) 2 · H20 
MnC l 2 - 4H20 
TABIE 2 
O)MPOSI TION OF SALT MIXWRES 
- 2uant iti Pe r 100 Grams 
A B 
14 . 00% 804 3 .  34% 804 
g . g . 
30 . 34 6 4 1 . 250 
2 5 . 0 9 7  6 . 000 
0 . 0 00  8 . 193  
3 . 0 60 3 . 0 60 
6 . 900 6 . 900 
1 1 . 200 1 1 .  200 
2 1 .  200 2 1 . 200 
2 . 0 50 2 . 0 50 
0 . 00 8  0 . 00 8  
0 . 0 10 0 . 0 10 
0 . 0 1 7  0 . 0 1 7  
0 . 0 72 0 . 0 7 2 
0 . 040 0 . 040 
30 
C 
0 . 00 7% 804 
g . 
44 . 7 50 
0 . 00 0  
10 . 69 3 
3 . 0 60 
6 . 900 
1 1 .  200 
2 1 .  200 
2 . 0 50 
0 . 00 8  
0 . 0 10 
0 . 0 1 7  
0 . 0 72 
0 . 040 
rats were fed 2 50 mg. and two 500 mg. of malathion/kg. of rat. The 
rats were housed in metabolism cages4 and fed lab chow and distilled 
water ad libitum. Uri�e a�d feces were collected daily. One ml. of 
0. 1 N . .  HCl was added to each urine viai to retard spoilage. On the 
· fourth day, 24 hours after the last malathion feeding, the rats were 
killed by decapitation and their livers, brains, and r.ibs removed and 
stored as described previously for analysis. 
Experiment � 
In order to compare the effects of malathion administration - on 
different sulfur pools, rats were· fed diets containing 35s either as 
35s-cysteine (diet B) or ca35so4 (diet C) for a period of· 10 days. 
The re we re 8 rats in each group ( four on diet B and four on diet C) : 
one receiving no corn oil, one receiving only corn oil, and two re­
ceiving malathion in oil. There were five groups of rats in which 
the two rats on each diet to be given malathion received 2 50 and 500 
mg. of malathion/kg. In prior experiments 500 mg. of malathion/kg. 
was used successfully, but in this experiment 500 mg. seemed to be the 
m50 . leve 1 for the rats used. An increase in. the toxicity of the 
malathion may be one explanation for this phenomenon. Because several 
of the rats receiving 500 mg. of malathion/kg. died, two groups of 
rats were given 2 50 and 400 mg. /kg. Since a large majority of the 
rats that died were £ed the cysteine- 35s diet, in one group of 4 rats, 
. 
4Hoe 1 tage, Inc. 
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both rats receiving malathion were given 5 00 mg . of malathion/kg . of 
rat.  Dur ing the following 3 days the appropr i ate rats as descr ibed 
above received malathion . in oil or oil alone by stomach tube ever y 
24 hours.  The rats were housed in  metabol ism cages . Ur ine and feces 
were collected daily and analyzed for 3.5s activity . The rats were 
killed by decapitation and the livers ,  brains , and ribs excised. 
Exper iment � 
In order to determine whether or not the effects of malathion 
administr ation on sulfur metabolism were related to the level of in­
organic sulfate in the diet , four diets were fed to four groups of · 1 
rats, with five rats on each diet. The compositions of the diets and 
salt mixtures are shown in Tables 1 and 2 ,  pages 28 and 30, respectively . 
The diets of low (0 . 00 per cent) , nor mal (0 . 10 per cent) , and high 
(0 . 42 per cent) levels of inor ganic sulfur as sulf ate we re ob tained 
by varying the amount of C aS04 used in. the salt mixtures (Table 2) .  
B utton et al . (101) has sh�wn that these salt modifications have no 
ill effects on the rat.  The r atio of inor ganic to neutral sulfur was 
var ied inversely so that the total per cent sulfur as sulfate remained 
constant (Table 3) .  
The diets were fed for a total of 21 days.  For the first 7 
days ,  the rats were fed non-radioactive diets. During the next 10 
days , the sulfur pools of the rats were labeled by feeding the pre­
viously described diets containing either 35s -cysteine as the sulfur 
amino acid or c a35so4 in the salt mixtur e as shown in Table 3 . During 
Die t  
A 
B 
C 
D 
TAB IE 3 
CALCULATED LEVEIS O F  DIETARY SULFUR AND DIS TRIBUTION 
0 F RADIOACTI VI 'IY 
Pe r Cent S u l fur as S u l fate 
Inorsanic Neutra l 
o . 42 (ca 35so4 · 2H2o )  0 . 2 5 
0 . 10 0 . 5 7 ( 3 5s -cys te ine ) 
0 . 10 3 5  (Ca S04 · 2H20 )  0 . 5 7 
0 . 00 0 .  67 ( 35s -cy s te ine ) 
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Tot a l  
0 .  67  
0 .  67  
0 . 6 7 
0 . 6 7 
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the last 4 days, the non-radioactive d iets were again fed. Feed in­
takes were recorded daily for each rat . During the last 3 days, . mal­
ath ion in corn oil was given by stomach tube to all the rats each 24 
hours at the level of 250 mg. /kg. of rat. 
The rats were maintained in metabolism cages during the entire 
21  day period, but urine and feces were not collected until the eighth 
· day when feeding of the radioact ive d iets was begun. At this time, 
the funnels were attached to the cages and total urine and feces were 
collected for each rat during the next 10 days. The urine and feces 
were collected daily during the time of malathion administration. The 
rats were killed by decapitat ion· 24 hours after the last tube feeding. 
The ribs were excised and stored at -20 °C. 
· Experiment � 
. Exactly the same procedure was used for experiment 6 as for 
experiment 5 except that the rats were g iven 400 mg. of malathion 
instead of 250 mg. of malathion/kg. as above. In this study, excreta 
were colle�ted only during the period of malathion administration. 
Experiment ?_ 
Efforts were made to try to identify the radioact ive compounds 
b . d . he 
. 
d f f . 35s d 1 h .  eLng excrete in t urine an eces o rats given an ma at ion. 
The urine and fecal samples collected from rats in experiments 5 and 6 
were combined according to the diet consumed. A 3. 0 g. sample of the 
combined feces from rats fed each diet was extracted with hot distilled 
water and filtered through Whatman No. 42 filter paper until the 
· 35 
filtrate ran through clear. The specific activity of each original 
fecal sample and of each filtrate was determine d in order to ascertain 
whether or not the radioa�tive compound in the feces was water soluble. 
The urine samples · were acidified with 0. 5 N .  HCl and 100 ml. 
portions of each of the four combined urines were shaken with ether. 
The activity of the orig inal urine samples and the activity of the 
urine layer remaining after shaking with ether was determined in order 
to find whether the radioactive compound in urine ob tained from rats 
given malathion and 
35
s is water or ether soluble. 
The fecal filtrates and the urine samples were put through a 
Dowex 1X8, 200-400 mesh , formate column. After each sample passed 
through the column, the column was washed with distilled water. The 
activity of the filtrate and of the water collected from the column 
we re determined. The column was eluted with 200 ml. of the following 
solutions : 0 . 25  M. sodium formate, 0. 25  M. sodium formate adj usted 
to pH 4. 7 with. 0 . 2 5 � - formic acid ,  0 . 2 5  M. formic acid , 1. 0 � - sodium 
formate, and fina l ly 1. 0 � - formic acid. The eluate from e ach solu­
t ion was collected automatically in 5 ml. fractions. 
In order to locate the tubes which contained the radioactive 
compou nd or compounds, every fifth sample collected was analyzed for 
358 
. .  
activity . The four tubes of eluat e collected just before and j ust 
after the tubes found to contain radiation were comb ined. The pooled 
samples were concentrated by lyophilizing. After lyophilizing, each 
sample was dissolved in a small amount of distilled water and approx­
imately 300 lambda were strippe d on Whatman No. 1 chromatography pa per. 
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Three chromatographs of each solution were done . in o�der to obtain 
enough radiation to count. The chromatographs were developed -with a 
formic acid solvent of the following composition: 46. 6 ml. isopro­
panol, 2. 6 ml. formic acid, 23. 3 ml. ethanol, 27. 2 ml. water, and 20. 0  
ml. pyridine for each 100. 0 ml. of solvent. After the solvent front 
had moved within about one inch of the top of the paper, the chromato­
graphs were removed from the solvent, allowed to dry, and then sprayed 
with a platinum iodide spray of the following composition: 0. 4 ml. 20 
per cent platinum chloride, 24. 6  ml. water, and 25. 0  ml. 6 per cent 
potassium iodide solution . The corresponding bands of each sample 
were combined and analyzed for 35s activity. 
I I . METHODS 
Preparation of Radioactive Compounds 
Radioactive H2
35so45 was used to prepare both the Na2�
5s.o4 inje cted 
subcutaneously in expe riment 1 and the ca35so4 used in the diets. The 
carrier free H2
3 5S04 was neutralized with NaOH and diluted to 15 cc. 
with isotonic saline solution when purchased. The Na2
35so4 was pre -
pared by dissolving Na2S04 in distilled water, adding sufficient neutral­
ized H2.
35S04 to · obtain ' ,the de sired spe cific activity, and ·drying. '' The 
ca3 5so4 (diets A and C, Table 2, page 30) was prepared by adding stoi­
chiometric amounts of the H2
35 so4 to a saturated solution of calcium 
lactate. The resulting precipitate of ca3 5so4 was collected, washed, 
SAbbott Laboratory, Oak Ridge, Tennessee. 
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and dried by suction filtration. The 35s-cysteine (die ts B and D ,  
Table 2 ,  page 30) was prepared by dissolving high specific activity 
35s-cys teine 6 in a solution of non-radioactive cysteine and recovering 
the amino acid by evaporation of the water. The purity of the 35s ­
cysteine was confirmed by paper chromatography. 
Determination of Ace tylcholine Esterase Inhibition 
The Warburg manome tric method (102) was used to measure the de­
pression of ace tylcholine esterase (AcE) activity by malathion in brain 
tissue. Each brain was homogenized in approximately 30. 0 ml. of Ringer's 
buffer solution by using a motor driven Potter-Elvehjem homogenizer .  
A teflon pestle was used in a 15. 0 ml. glass homogenizing tube. In 
order to preven t loss of enzyme activity , the homogenizing tube was 
immersed in an ice water bath during the homogenization. The brain 
homogenates  were stored at approximately 4 °C. until analysis was com­
ple ted , usually within three days after the animals were sacrificed. 
The bicarbonate Ringer's solu tion ( 102) is made by mixing to­
ge ther 100. 0 ml . of 0. 90 per cent NaCl , 30. 0 ml. of 1. 2 6 per cent 
NaHC03, and 2 . 0 ml. of 1. 76 per cent MgCl2 · 6H20. The solution is  
adjusted to pH 7. 4 by bubbling a 95  per cent N2-5 per cent CO2 gas 
mixture through it . The components of Ringer ' s  buffer solution provide 
optimum conditions for ace tylcholine esterase activity. The HC03
-
acts as a buffer while the Na+ and the Mg++ serve to activate the 
6schwartz Bioresearch, Inc. , Mount Vernon, New York. 
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enzyme (103) . The stock solutions were refrigerated and a fresh buf­
fer solution made up each second or third day. 
Warburg flasks with one side arm were used for the analysis. 
They were placed in an ice bath while preparation was made for beginning 
the· reaction. The reaction mixture in each flask is shown in Table 4. 
Ringer 's buffer solution was added to all flasks so that the total 
volume in each flask was 3 . 0  ml. The brain homogenate and 10-S M. 
eserine were pipetted into the main compartment of the flask avoiding 
the center well. Eserine was used in order to separate pseudocholine 
esterase activity from acetylcholine esterase activity. The substrate, 
acetylcholine iodide (7. 52 per cent) or acetylcholine bromide (9. 35 
per cent), was pipetted into the side arm. The substrate was prepared 
50. 0 ml. at a time by dissolving the pure salt in diluted HCl of pH 4. 
Immediately before use, these stock solutions were diluted with four 
parts of the Ringer's buffer solution. The stable stock solutions 
were stored at approximately 4 °C. 
Since Baron (6) reported a depression in esterase activity when 
oil was given to animals, the AcE activity of the without (s) oil rats 
was compared to the AcE activity of the with (c) oil rats. The AcE 
activity of the c oil rats was also compared with the AcE activity of 
the rats receiving malathion. The AcE activities of brain homogenates 
of rats from a particular period were determined in the same run in 
order to have a valid comparison. With each run of two enzyme prepa­
rations to be compared, a thermobarometer was used for correction due 
to alterations· in temperature and atmospheric pressure. 
TABLE 4 
REACTION MIXTURES FOR ACETYLCHOLINE ESTERASE DETERMINATION1 , 2 
Flask 
No . Homogenate Substrate Eserine Buffer H20 
ml . ml . ml. ml . ml . 
1 1 . 0  0 . 4  0 . 0  1 . 6 0 . 0 
2 1 . 0  0. 4 0. 0 1 .  6 0. 0 
3 0 . 5  0 . 4  0 . 0 2 . 1 0 . 0  
4 0 . 5 0 . 4 0 . 0  2 . 1 0. 0 
5 1 . 0  0. 4 0. 1 1 . 5 0. 0 
6 0. 5 0. 4 0 . 1 2 . 0  0 . 0  
7 1 . 0  0. 0 0. 0 2 . 0  0 . 0 
8 0 . 5  0. 0 0. 0 2 . 5  0 . 0  
9 0 . 0 0. 0 0. 0 0 . 0 3. 0 
1Gas phase : 95 per cent N2 -5 per cent CO2 . 
21ncubation temperature : 25 °C . 
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Total 
ml . 
3 . 0  
3. 0 
3 . 0  
3. 0 
3 . 0  
3 . 0  
3. 0 
3. 0 
3 � 0  
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The water bath of the Warburg apparatus was preheated to 25 °C .  
The side arm and main opening of the flasks were made air tight by 
grea sing the stem and manometer before inserting into the flasks . 
After the flasks were connected to the manometers, they were placed 
in the water bath and gassed for approximately 5 minutes with a 95 per 
cent N2-5 per cent CO2 gas mixture in order to drive out any oxygen 
pre sent in the atmosphere of the flasks. The system was open during 
the gassing but was closed immediately after. Before the contents of 
the flasks were mixed, the Brodie ' s  solution in the manometers was 
adjusted to read 150 mm. on both sides of the scale. This was the zero 
reading . The contents of the flasks were then mixed and readings were 
recorded at 5 minute intervals for 35 minutes by adjusting the right­
hanJ scale to 150 mm . and reading the left-hand scale. 
After the readings were completed, the system was opened and 
the flasks were removed from the manometers and degreased with acetone. 
7 
The flasks were cleaned by the permanganate method of Ryan who con-
sidered it superior to the usual dichromate method. This solution was 
preJared by dissolving 20.0 g. of potassium permanganate and 50. 0 g. 
of sodium hydroxide in 1 liter of water . After degreasing, the flasks 
wer� rinsed in distilled water and soaked. in the cleaning solution for 
at least 2 hours. The flasks were then rinsed in distilled water again 
and ble ached by transferring to a saturated oxalic acid solution for a 
7Ry�n, W. L.. 1953 A metabolic study of cold shock in mammalian 
spermatozoa. Unpublished Ph . D. thesis . The University of M issouri . 
few minu te s .  Afte r b leaching , the f l a sks we re rinsed and bo iled by 
cove ring with distil led wate r in a pyrex d ish or be ake r  and placing 
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on a hot plate at about 400 °F .  Af te r bo iling , the f la sks we re a l lowed 
to coo l , we re rinsed in distilled and demine r a l i zed wate r ,  and we re 
p l aced in an oven to dry .  
The data from the AcE act ivity de te rmina tions we re expre ssed as  
p l .  CO 2 produced/mg . N2 . This wa s ca lcu lated a s  fo l lows . The ga s pro­
duct ion at  e ach re ad ing minus the re ading at ze ro t ime equa l s  the mm . 
change produced as  a re sult of the act ion of pseudocho l ine e s te r ase 
and ace tyl chol ine e sterase . This figure minus the mm . change produced 
by the corre s ponding amount of enzyme pre pa rat ion in the f l ask  conta in­
ing e se r ine is the mm . change produce d as a re sult of ace ty lchol ine 
e s ter ase act ivi ty . The f l ask constant plus the manomete r constant 
mu ltipl ied by the mm . change produ ced from the c le avage of ace tylcho l ine 
equals  the p l .  CO 2 produced . The va lue obta ine d for the 30 minute re ad­
ing wa s divided by the mg . N2 in the corre spond ing quant ity of bra in 
homoge na te to obtain f l . CO 2 produce d in 30 minute s/mg . N2 . 
Ca librat ion of Flasks and Manome te r s  
The f las ks and manome te rs we re ca l ibrated by f i l l ing with 
me rcury accord ing to the me thod of Umbrie t  et a l .  ( 104) . The f l a s k and 
manome te r cons tants we re de te rmined by the use of the fol lowing formula : 
l<a)
2 
= const ant CO 2 = 
Vg • 2 73/r + Vf --- a  
Po 
whe re Vg = tota l volume of the f l a sk  or manome te r  minus the f luid 
vo lume , T = 2 7 3  + 2 5 ,  Vf · a  = the f luid vo lume in the f l a sk  or manome te r 
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times the solubility of CO2, and P0 = 760 x 13. 60/1. 033 = 10, 000 for 
Brodie ' s solution with a density of 1. 033. 
Nitrogen Det ermination 
The nitrogen cont ent of the liver and brain of each rat was de­
termined by the micro�Kj eldahl method (105). One ml . of brain homo­
genate and 0 . 5 ml. of liver homogenate were analyzed in duplicat e for 
each rat. In each case the homogenate was pipetted into a 30 ml. 
Kj eldahl digestion flask containing 1. 25-1 . 35 g. of K2S0 4 and 35-45 mg. 
of HgO . Two ml. of concentrated H2S0 4 were added and the flask contents 
digested until the solution became clear. About 5 ml. of water were 
added to dissolve the material and, after the flask had cooled, the 
contents were quantitatively transferred to a steam distillation _ appa­
ratus. Eight ml. of sodium hydroxide-sodium thiosulfate solution we re 
then added and distillation was begun. Approximately 50 ml. were dis­
tilled into 5. 0 ml . of saturated boric acid solution containing about 
4 drops of either the methyl red-methy lene blue or methyl red-bromcresol 
green indica_tor . The amount of nitrogen was determined by titration 
with 0. 01 N .  HCl prepared with constant boiling HC l. The mg . of N2 
were calculated by the following formula : 
(ml . acid) · (� . acid) · (meq . wt. N2) = mg. N2 • 
The sodium hydroxide-sodium thiosulfate solution was prepared 
by dissolving 500 mg. of NaOH and 50 g. of Na2S20 3· 5H20 in suf ficie nt 
water to make one liter. The saturated boric acid solution was pre­
pared by dissolving 40 g. of H3B0 3 in about 900 ml . of distilled water 
4.3 
by he ating , : cool ing the · so lut ion , and di lut ing to a fin a l  vo lume of 
one l ite r .  The me thy l  red-me thy lene blue indicator wa s pre pared by 
mixing two pa rts of 0 . 2  pe r cent me thy l  re d with one part of 0 . 2  pe r 
cent me thy lene b lue , both in 95  pe r cent e thanol . The me thyl  re d­
bromcre so l green ind ica tor wa s pre pared by mixing f ive pa rt s of  0 . 2 
pe r ce nt bromc re so l  green wit h one pa rt of 0 . 2 pe r ce nt me thyl red , 
both in 95 pe r cent a lcohol . 
De te rminat ion of the S pe c if ic Activity of Costa ! Cart i l age Su lfo­
mucopo lys accha ride s 
A su lfomucopo lys accharide fra ction wa s prepared from the co st a l  
carti l age according to the mod ified me thod o f  Bostrom ( 9 7 ) . The 
excised r.ib s we re bo i led in disti l led wate r for approx imate ly 5 minute s .  
The carti lage wa s comp le te ly freed of  mus c le and we ighed . The ca rti­
l a ge wa s then sonified with approximate ly 5 m l . a cetone by u s ing a 
B ronwe 1 1 , B iosonik probe . The ace tone wa s discarded , and the cart il age 
son ified with 4 . 0  m l .  of 0 . 5  N .  NaOH for 4 m�nute s .  The l iqu id por­
t ion wa s de canted into a 15 ml .  centrifuge tube . The ca rti l age wa s 
then sonified a third time us ing 2 . 0 m l . of 0 . 5  � - NaOH for 2 minute s .  
The l iquid wa s de canted , comb in ing it with the product of the fir st  
extra ct ion . The pH of  the de canted iiquid wa s ad justed to  6 with 10  
pe r cent acetic acid , and the solut ion was centrifuged  for  10  minute s 
at  2000 r . p . m . in an Interna tiona l Mode l SBV centrifuge . The super­
na tant f luid wa s poured into a 5 0  ml.. centrifuge tube , 3 or 4 drops of 
20 pe r cent sod ium a ce t a te we re adde d , and the solut ion wa s pre cipita ted  
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overnight at -20 °C. with three volumes of 95 per cent ethanol. The 
next day, the mixture was centrifuged as above for 10 minutes, and the 
supernatant fluid was discarded . The residue was dissolved with 
stirring in 3.0 ml. of 0.5 � - NaOH and again centrifuged . The super­
natant fluid was poured into a 15.0 ml . centrifuge tube, adjusted to 
pH 6, 20 per cent sodium acetate added, and precipitated overnight as 
described above. The following day, the solution was centrifuged, the 
supernatant fluid discarded, and the precipitate hydrolyzed with 6 . 0  � ­
HCl for 3 hours at 100°C .  according to the method of Dodgson and R ice 
(10.6) for hydrolyzing the sulfate ester linkage. If a black precipi­
tate formed during this procedure, the sample was filtered through 
Whatman No. 2 filter paper followed by washing with about 5 ml. of 
distil led water. 
The sample was precipitated, collected, and counted by the 
method of Katz and . Golden (107).  One ml. of carrier sulfate solution 
was added followed by 1 ml. of 10 per cent barium chloride. The carrier 
sulfate solution, calculated to yield 12 mg. of barium sulfate, was 
prepared by diluting 2.85 ml. of concentrated sulfuric ac id to 1 liter 
with distilled water. The resulting precipitate was collected as BaS04 
on a weighed glass-fiber ' filter paper disc . . During the co l lect ion 
process the 24 mm. filter paper disc was supported by a small piece of 
Whatman No. 1 filter paper and secured between a perforated rubber 
disc and a glass funnel cut from glass tubing. The side arms of the 
glass funnel were attached to a vacuum flask with springs. The precip­
itate was washed onto the paper with 5 to 10 ml. portions of dist illed 
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water , 0. 5 � - HCl , and 95 per cent ethanol followed by acetone. A 
dry cake of barium sulfate of constant area was formed. The filter 
paper containing the precipitate was weighed,  attached to the center 
of an aluminum planchet with a small quantity of rubber cement, put in 
a drying oven for about 3 minutes , allowed to cool , and counted for 
4000 counts with a Nuclear-Chicago , windowless , automatic , gas-flow 
cha mber. The counts per minute (c . p. m. )  per mM. of sulfate were cal­
culated and recorded. 
35s -s ulfate Inc orporation by Liver 
The effect of malathion on 35s -sulfate inc orporation by the 
l iver was measured by homogenizing the livers with a motor-driven 
Potter-Elvehjem homogenizer using a teflon pestle and a glass tube. 
The livers were homogenized individually in 3. 0 ml. of medium A per 
gram of tissue. Medium A was prepared by dissolving 231. 40 g .  sucrose 
(0. 350 M. ) ,  7 . 00 g. KHC0 3 (0 . 035 M. ) ,  1. 63 g. MgCl2· 6H20 (0. 004 M. ) ,  · - - -
and 3. 72 g. KCl (0. 025 M. ) in 2 liters of distill ed water. This solu­
tion caused difficulty in combusting and digesting because of the sugar 
content. Later in the study , Ringer ' s  buffer solution was used with 
more success. 
Duplicate 0 . 5 ml. samples of each liver were combusted in 5. 0 
ml . SO per cent HN:> 3 and then in 5. 0 ml. combustion mixture composed 
of 600 ml. concentrated HN:> 3 , 300 ml. 70 per cent perchloric acid, and 
9. 0 g. cupric nitrate. Th e samples we re dissolved in 10 . 0  ml. distilled 
water and precipitated , collected, and counted as previously described. 
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The counts per minute were calculated and the data expressed as counts 
per minute per mg. N2. 
Determination of Specific Activity of Diets and of Total Activity of 
Radioactive Bands from Chromatography Experiments 
The specific activity of each radioactive diet was dete rmined by 
combusting duplicate 0. 5 g. samples in a Parr, series 1900, oxygen 
bomb sulfur apparatus containing 10. 0 ml. distilled water. The bomb 
was charged with oxygen to a pressure of 35 atmospheres. The bomb was 
then ignited and allowed to cool in a water bath for 15 minutes. The 
sample was transferred from the bomb to a 25 ml. erlenmeyer flask, 
precipitated, collected, and counted as previously described. The 
counts per minute per gram of diet were calculated. The corresponding 
bands of each sample chromatographed (experiment 7) were combined and 
combusted 1. 0 g. at a time as described above. The total c. p. m. /band 
were calculated. 
Determination of the Specific Activity of the Brains Obtained from 
Rats Fed Malathion- 35s 
Many of the pesticides now used are reported to be stored in 
lipid; the refore, the specific activity of the lipid and protein por­
tion of brains of rats fed malathion-
35
s was determined separately. 
Each brain was homogenized in 10 ml. of 2 : 1 chloroform-methanol. The 
homogenate was then transferred to a 15 ml. centrifuge tube, covered, 
and heated in a 60 °C. water bath for about 10 minutes. The mixture 
was centrifuged at 2000 r. p. m. in an International Ce.ntrifuge, Model 
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SBV, and the liquid containing lipid was decanted into a 25 ml. volu­
metric flask. The prote in portion was homogenized, heated, and centri­
fuged a second time and the liquid decanted into the 25 ml. volumetric 
flask. Sufficient 2: 1 chloroform-methanol was added to the flask to 
bring the liquid to volume. The protein portion was homogenized in 
medium A, and the lipid and protein fractions of each sample were com­
busted, precipitated, collected, and counted as described previously. 
Five ml. duplicate samples of each fraction were combusted. Most of 
the chloroform-methanol in the lipid samples was allowed to evaporate 
on low heat before the combustion mixture was added. 
Determination of the Specific �ctivity of Urine 
The urine samples collected were diluted to a known volume and 
duplicate 1. 0 ml. samples were combusted in 25 ml . flasks with 3 . 0  
ml. combustion fluid. After combusting, the samples were precipitated, 
collected, and counted as previously described. The c. p. m. in the 
total urine sample collected were calculated. 
Determination of the Specific Activity of Feces 
The fecal samples were dried in a 60 °C. blowing oven for about 
4 hours and were weighed. Each sample was ground to a fine powder with 
a mortar and pestle. Duplicate 0. 3 g. samples were combusted, precipi­
tated, collected, and counted. The c. p. m. total fecal sample were 
calculated. 
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Statistics 
The methods of paired or unpaired comparisons and Student' s  t 
test as described by Steel and Torrie (108) were used to determine 
the statistical significance of results. The method of unpaired 
comparisons was used when data were missing due to death of experi­
mental animals. 
CHAPTER IV 
RESULTS AND DISCUSSION 
As stated previously, this investigation was begun in . order to 
compare the effects of malathion administration on acetylcholine 
esterase and the fixation of sulfate by cartilage mucopolysaccharides. 
The original hypothesis was that interference with sulfur metabolism 
would be shown by an inhibition of sulfate fixation which would be more 
sensitive to malathion administration than acetylcholine esterase in­
hibition. In the process of investigating this hypothesis, other 
effects of malathion on sulfur metabolism were found and will be dis­
cussed. In addition, an investigation of the relationship of these 
effects to the level of inorganic sulfur in the diet also evolved from 
investigating the original hypothesis. The fixation of sulfate by 
cartilage mucopolysaccharides has been shown to be sufficiently se nsi­
tive for the assay of growth hormone (8); therefore, it seemed plaus­
ible to assume that if sulfate fixation were affected by malathion 
administration, an inhibition of sulfate fixation might be used to 
detect malathion toxicity and to study any dietary related changes 
in malathion intoxication. 
Since the optimum level of malathion for investigation of these 
effects was not known, a survey was conducted by giving rats levels of 
malathion ranging from 100 to 1000  mg. /kg. of rat (expe riment 1) . The 
levels shown in Table 5 were the ones used most succe ssfully in the 
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No . of 
Aninia ls  
20 
5 
6 
8 
2 1  
8 
6 
1 1  
TAB IB 5 
EFFECT OF MAI.ATHION ADMINISTRATION ON ACETYLCHOLINE ES TERASE 
ACTI VITY AND 35s -SULFATE FIXATION 
Add it ions 
mg . 
Ma lathion/ 
Kg . of Rat 
None 
250 
300 
500 
None 
250 
300 
500 
Ace ty l cho l ine E s te ra se 1 
Pe r Cent 
E_l .  <X>2/mg .  N2 Inhibition 
Ma le 
192 ! 10 --
189 ± : 37 1 .  5 
197  :!: 9 --
169 ± 8 1 1 . 9 
Fema le 
1 7 3  ! 9 --
135 ± 1 7  2 1 .  9 
162 :!: 1 1  6 . 3 
144 :!: 10 16 . 7  
Sulfate Fixation2 
c .  p . m . /mM .  . .  Pe r Cent 
X .  10:-"4 Inhibition 
7 . 7  � 2 . 3  
1 7 . 9  ! 9 . 3  
3 . 0  ! 0 . 8  61 . 0  
6 . 4  :!: 1 . 7  16 . 8 
9 . 9 :!: 0 . 9  
3 . 7 ± 1 . 1 62 . 6 
1 . 8  ± 0 . 0 81 . 8  
9 . 4 ! 4 . 0  5 . 0  
1
Da ta are average s ! the s t andard e rror of the me an o f  va lue s  obt a ine d from a s say  
of  rat bra in homogenates . 
2oa ta a re ave rage s ± the standard e rror of the me an of va lue s obta ined from a s say 
of rib cart i l a ge mucopolys acchar ide s .  
V1 
0 
Sl 
survey. Levels of malathion below 250 mg. /kg. were found to be of 
little value in this type of study, and illness or death occurred 
when levels higher than 500 mg. /kg. were attempted. Therefore , levels 
of malathion ranging from 250 to 500 mg . /kg . were used throughout the 
study as a result of this initial suryey. 
A comparison of the data for depression of acetylcholine esterase 
activity and sulfate fixation presented in Table 5 shows that sulfate 
fixation is depressed more than acetylcholine esterase activity. These 
data are particularly exciting since assay of acetylcholine esterase 
is the classic method of detecting organophosphorus poisoning and 
since Murphy (6) has shown that inhibition of esterases other than 
acetylcholine esterase are more sensitive to poisoning by these com­
pounds. When comparing the control with the values for rats receiving 
malathion, there are much greater depressions in sulfate fixation than 
in acetylcholine esterase inhibition. The greatest inhibition of acetyl­
choline esterase activity was 22 per cent, the value obtained by com­
paring the control value with the value for 250 mg. malathion/kg. for 
the females. A 63 per cent depression in sulfate fixation by females 
was obtained by comparing these same values. The greatest inhibition 
of sulfate fixation (82 per cent) was obtained by comparing the control 
value with the value for 300 mg. /kg. , again in female rats. 
I n  agreement with data collected by other investigators (27, 32, 
33) using other strains of rats, the data in Table 5 show that the fe­
male rats used were more sensitive than were the males. There is a 
significant inhibition (. OS > P � . 02) of acetylcholine esterase 
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activity by malathion when comparing the values obtained from female 
rats receiving no malathion with those given 250 mg. /kg. while there 
i! no significant decrease in the corresponding values for male rats . 
The same is true for the inhibition of sulfate fixation when the values 
for the control and 250 mg. /kg. are compared in. both males and females. 
There is a highly significant decrease (. 0 1  ) P > . 00 1) in the inhibi­
tion of sulfate fixation in females when comparing the control value 
with the value for 250 mg . /kg. The higher degree of significance 
obtained for sulfate fixation inhibition in females is additional evi­
dence that inhibition of sulfate fixation is more sensitive to malathion 
administration than acetylcholine esterase inhibition. Although no 
statistical significance was found when comparing the control values 
with the values for malathion for either type of inhibition in males , 
there is a si.gnificant : decrease ( . 0 5 .:;> p ;> : 02) when the va lues .for 300 .and 
500 . mg .. /k·g •. for · <?cetylcholine. esterase . inhibition are compared. 
Since Baron (6) has shown a significant depression of esterase 
activity when 5 to 10 ml. of corn oil were given to rats, a comparison 
of the data obtained for acetylcholine esterase activity and 35s-fixation 
by rib cartilage from rats receiving no corn oil and rats receiving oil 
was made (Table 6). Statistical analysis showed that the levels of oil 
used in this study cause no significant decrease in either acetylcholine 
· · 35s f · · b . b . 1 1 h . d este rase act1.v 1.ty or . - 1.xat1.on y r1.  cart1. age .mucopo ysacc ar1. es . 
In order to observe the effects of feeding malathion as a con­
stituent of the diet on acetylcholine esterase activity and 35s-fixation, 
malathion was fed at the levels of 5 and 10 mg. of malat�ion/g. of diet 
TABIE 6 
EFFECT OF CORN OIL ON ACE'IYLCHO UNE ES TERASE ACTI VI'IY 
AND 35S-FIXATIO N 
35s -
5 3 
Tre atment 1 
Ace tylchol ine 
E s.te ra se 2 Fixat ion3 
fl . CO 2/mg .  N2 c . p . m . /mM .  X 10-4 
s oil  ( 9 ) 1 5 7  + 22 14 . 0  ± 1 5 . 0  
C oil  ( 9 ) 1 38 + 12 14 . 8  + 4 . 3  -
1Numbe rs in parenthe se s  indicate numbe r of an ima l s  pe r  tre atment . 
2Ave rage s  ± the s tandard e r ror of the me an of data obt a ine d from 
brain homogenate s . 
3Ave rage s  ± the standard e rror of the me an of  data ob ta ined from 
rib carti lage mu copo lysa ccha ride s .  
54 
(experiment 2). The data obtained from this study are shown in Table 
7. There were no significant decreases in acetylcholine esterase 
activity or 
35
s-fixation as a result of feeding diets containing mala­
thion, although the malathion was given for 8 to 10 days as compared 
with 3 days in the previoue experiment. When the diet containing 5 mg. 
of malathion/g. of diet was fed, the rats received the same or a little 
more malathion (about 250 mg. /kg. ) . than in the first experiment since 
they ate about 10 g. of diet/day. At the level of 10 mg. of malathion/ 
g. of diet, the rats received about twice the amount of malathion 
given in the previous experiment or 500 mg. of malathion/kg. of rat. 
Metcalf (31) and Negherbon (14) have reported that the tole rance of 
rats for malathion in the diet is relatively great. Symptoms are fe w 
or none as was observed with these rats. Five thousand parts per mil­
lion (p. p. m. ) has a slight effect on survival, feed intake, and growth. 
Some males have survived 10, 000 p. p. m. for a year and some female s have 
survived 20,000 p. p. m. for 2 years, but with serious effects on growth, 
feed intake, and general health. 
The rats in the above experiment showed no re jection of the diet 
and did not lose we ight. The difference in the toxicity of malathion 
given in the diet as compared with that given by stomach tube is probably 
due to a difference in absorption of the malathion. As previously dis­
cu�sed, corn oil facilitates the absorption of malathion (23). Poor 
absorption of mahthion when given as a constituent of the diet could 
have been due to the concentration of oil in the diet, since there was 
much less oil associated with the malathion in the diet than when given 
by stomach tube. 
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TABLE 7 
EFFECT OF  FEEDI NG MALATHION AS A DIETARY CONS TI TUENT ON 
ACE'IYLCHOLI NE ES TERASE ACTI VI 'IY AND 35S -FIXATIO N 
Mg . Ma l athion/ 
g . o f  D ie t l 
None ( 1 1 ) 
5 ( 6) 
10  ( 5) 
Ace ty l cho l ine 
Este ra se 2 
fl . CO 2/mg . N2 
1 65 . 0 + 6 . 5 -
1 2 1 . 3 
+ 2 8 . 1 
1 88 . 2 + 10 . 6 -
35s -F ixat ion 3 
c . p . m . /mM .  X 10 -4 
4 . 0  :!: 0 . 7  
5 .  7 .  ! 0 . 6  
4 . 1 :!: 0 . 2 
1Numbe rs  in pa renthe se s  ind icate numbe r of anima l s pe r tre a tme nt . 
2 
Ave r a ge s + the s tand ard e rror of the me an of data ob ta ine d from 
brain homogenate s . 
3Ave rage s  ± the s t anda rd error of the me an of d a t a  obt a ined from 
r ib cart i l age mucopo ly s a ccha ride s .  
5 6  
Randomly la beled mala thion-
35
s was given to four rats in order 
to investigate the metabolism of the sulfur in malathion (experiment 
3). Severa 1 organs and the excreta we re a na lyzed for 35s -activi ty. 
The rats were killed 24 hours after the last malathion administration. 
The data in Table 8 show tha t at this time very little 35s -activity is 
found in the tissu es such as  liver, brain, and cartilage a nd that most 
of a malathion dose is excreted in the urine with an apprecia ble amount 
being excreted in the feces. From these data, the location of malat hion 
in brain tissue is difficult to determine. The da ta indicate that the 
ma lathion ma y be in the lipid portion, although the litera ture sa ys 
it is not stored in lipid as are DDT a nd some other pesticides. Of t he 
three tissues assayed, the liver contained the greatest amount of mal­
athion. This could be expected since malathion. is detoxified as well 
as made more toxic in the liver of ma mmals. 
35 
Expe riment 4 was pla nned in order to fu rther study . S excretion 
. . h ff f 
35 
d 35s patterns and to investigate t e e  ects o Ca S0 4 an -cysteine as  
d · · d 35s . h 1 h"  . . ra ioa ctive compoun s on · excretion w en ma a t  ion is given . Al-
though the standard errors presented in Table 9 are quite large , they 
reflect the inability to prepare d �ets of the same specific activity 
from replication to replication rather tha n a biologica 1 var_ia tion. 
Therefore, although statistical verification is d ifficult, these a nd 
other data to be presented indicate that there is a mobilization of 
tis sue sulfur following malathion administra tion. Ba sed on the averages 
obtained, these data show tha t feeding 400 mg. of ma lathion/kg. of rat 
results in an approxima te 2-fold increase in the total 35s-excretion 
TABLE 8 
DIS TRIBUTION OF 35s -ACTIVI TY IN URI NE , FECES AND SELECTED TISSUES O F . THE RAT FOLIDWI NG 
ADMINIS TRATION OF RANDOMLY IABEI.ED 35s -MALA.'llUON1 
Cartilage 
Mg . Ma lathion/ Brain Fract ions Mucopoly-
Ke: . of Rat Live r Li id Prote in sa ccha ride s Urine Fe ce s 
c . p . m .  mg . N2 tota l c . p . m .  C • p . m .  mM .  SQ 4 Tota l  c . p . m .  To ta l c . p . m .  
2 50 
250 
500 
500 
x 10-5 
50 5 1  100 864 14 . 8  
42 2 2 5  152 5 76 16 . 6 
38 4 1 3  20 7 1536 20 . 62 
1 1 3 1 15 2 14 2 1 1 2  
1Numbers  re pre sent on ly one anima l s in ce the re we re four  an ima ls  on the s tudy . 
2Data a re miss ing be cause of de ath of one rat . 
x 10 -5 
0 . 8  
1 . 1 
0 .  62 
V1 
....... 
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TABLE 9 
EFFECT OF MAIATHION ON 35s EXCRETION IN FECES AND 
URINE OF FEMALE RATS 1 
Mg. Malathion/ 
Kg. of Rat2 
None ( 7) 
250 ( 5) 
400 ( 2) 
500 ( 5) 
TQtal 35s Excretion in c .p. m. x 10�3  
Urine Fe ce s 
33. 8  + 14. 4 
16. 4 + 7 . 6  
55. 1 + 48. 6 
20. 7 + 4. 2 
·35g_ 
cysteine 3 
26. 7 :!: 2. 1 
34. 0  + 6. 4 
1 8. 9 + 4. 2  
26. 8 + 16. 8 
7 1. 5  + 3 7 . 1  41. 7 + 38. 2 
26. 4 + 7. 9 15. 7 + 2. 6  
3Ss­
cysteine 3 
18. 9 + 8. 5 
21 . 3 ± 6. 1 
69. 1 + 59. 4 
27. 6 ± 2 1. 9  
1oata are averages ± the standard error of the mean. 
2Numbers in parentheses are number of animals per treatment . 
3source of 35s-activity .in the diet. 
�9  
in both the feces and urine which is some what greater if the sulfur 
1 1 b 1 b . 
35 
poo s are a e ed y feeding S-cyste ine. In spite of the large stan-
dard errors, there is a significant increase (. OS > P ) . 02) when the 
35s excretion in urine of the control rats is compared with the value 
obtained for rats receiving 400 mg. /kg. and the 
35
s-cysteine diet, and 
there is almost a significant increase ( . 1 ) P / . OS) in the corre­
sponding values obtained from feces of rats fed this diet. 
The data in Table 9 for rats given 500 mg. of malathion/kg. of 
rat did not show an increase in mobilization when compared with the data 
for 400 mg. /kg. as might be expected. The data obtained from analysis 
of excreta of these rats may not be reliable since at 500 mg. /kg. many 
of the rats became sick. 
The cartilage mucopolysaccharides and livers of these rats were 
analyzed for 35s in an attempt to determine the source of the mobilized 
sulfur found in urine and feces in the above experiment. Since feeding 
35s-cysteine would label tissue proteins as well as ester sulfates, 
.the .more th�n 20-fold increase in the specific activity of liver (Table 
10) obtained when 35s-cysteine was fed as compared with values obtained 
when rats were fed ca3 5so4 was not surprising. The higher specific 
activity may .mask any mobilization of sulfur by malathion ; however, 
these data indicate that tissue amino acids are not the source of the 
sulfur mobilized by malathion administration. In contrast, the reduc­
tions in specific activity of liver ester sulfate obtained when rats 
were fed 400 and 500 mg. of malathion/kg. and ca35so4 seem to indicate 
that ester sulfate is the source of the sulfur mobilized when malathion 
TABLE 10 
EFFECT OF MAIATIUON ON 35s MJBIUZATION FROM UVER OF 
FEMALE RA 'IS 
Mg. Malathion/ 
Kg. of Rat2 
None ( 7) 
2 50 (5) 
400 (2) 
500 (5) 
0 .  7 3 :!: 0 .  32 
0 . 88 � 0 . 45 
0 . 52 + 0 . 0 2 
0 .  60 ± 0 . 10 
35 . 3 S-C yste 1.ne 
20 .  87 !_ 1. 20 
20 . 36 + 2 . 0 3  
22 . 0 5  + 1. 05  
2 1. 2 0 + 2 . 20 
lnata are averages ! the standard error of the mean. 
2Numbers in parentheses are number of animals per treatment. 
3s ources of 35s in the diets. 
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is administered. There is a significant decrease (. OS ) P  '> . 02) in 
35s incorporation into liver ester sulfates when the values obtained 
from rats fed the ca35so4 diet and 250 and 400 mg. /kg. are compared. 
Although the reduction in specific activity is not drastic and 
the standard error is large,. the data which are shown in Tab le 1 1  indi­
cate a trend toward sulfate mobilization from the cartilage mucopoly­
saccharides. These data support the indication obtained from analysis 
of liver tissue that ester sulfate is the source of the sulfur mobilized 
following malathion administration. The failure to. obtain a clear-cut 
indication of the source of the mobilized sulfur by analysis of these 
two tissues was disappointing; however, these data suggest that ester 
sulfate is probably, the source of the mobilized sulfur. · and. that su lfo-
lipid is a possibility. This possibi lity is especially attractive in 
view of the high concentration of sulfolipid in the brain and the 
neurological symptoms of malathion toxicity. Although difficult to 
examine, the possibility of sulfolipids as a source of the mobilized 
sulfur seems worthy of investigation. 
Experiments 5 and 6 were conducted in order to investigate the 
effects of malathion administration on sulfur metabolism in rats fed 
diets containing varying levels of inorganic sulfur. The two experiments 
were identical except that 2 50 mg. of malathion/kg. was given in experi­
ment 5 while 400 mg. of malathion/kg. was given in experiment 6. The 
diets were radioactively labeled as shown in Table 3, page 3.3. Previous 
TAB LE 11 
EFFECT OF MAIATIUON ON 35s M)BILIZATION FROM 
CAR TI IAGE OF FEMALE RA 1S 1 
62 
Mg . Malathion/ Counts/Min. /mM .  X 10 �3  
ca3 5so 4
3 3 5s -c ysteine3 Kg. 
None 
250 
400 
500 
of Rat2 
( 7) 7 . 52 :!: 1 . 3 4 5. 01 + 1 .  64 -
(5) 7 . 18· :!: 1 .  59 5. 93 + 1 . 44 
(2) 7 . 10 + 0 . 29 4. 37 + 0. 91 - -
(5) 8 .  7 7  + 1. 17 6 . 55 + 1 .  87 - -
1oata are averages ± the standard error of the mean . 
2Numbers in parentheses are the number of animals per treatment. 
3s ource of 3 5g in the die t. 
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1 
work from this laboratory has shown that rats fed a high level of in-
organic 35s -sulfur will incorporate a greater percenta g� of the sulfur 
into their cartilage mucopolysacchar ides (Table 12 ) . However, when 
the rats v.e re given 2 50 mg. of malathion/kg. of rat , the largest per 
cent of the radioactivi ty appeared to be incorporated into the cartilage 
mucopolysaccharides of rats fed the lowest level of inorganic sulfur. 
The values obtained for the normal rat fed the diets containing 0 . 10 
per cent inorganic sulfur as sulfate are not significantly di ff� rent, 
while there are highly significant increases in. the retention of label­
ing when rats were fed these diets and given 2 50 ( . 02 :> P > . Ol) and 
400 mg. of malathion/kg. of rat ( . 00 1  > P). There is a significant dif­
ference ( . 02 ) P > . 0 1 ) in the values obtained wi th normal rats fed the 
diets containing 0 . 42 per cent and 0 . 00 per cent inorganic sulfur as 
sulfate while the re is no significant difference in the value� obtained 
from rats fed the same diets but also receiving malathion. 
These data show an interrelationship betwe en dietary sulfur and 
the effects of malathion on sulfur metabolism and seem to fit the other 
data obtained. For example , why should malathion admi nistration cause 
an increase in the specific activity of cartilage mucopolysaccha ride 
sulfur? These rats received the radioactive diet before mala thion ad-
ministration was begun; therefore, if  one assumes mobilization of sulfur 
from all mucopolysaccharides a nd resynthesis , the data obtained in Table. 
!Gilmore, M. F. 1963 A comparison of the utilization of organic 
and inorganic sulfur by the rat. Unpublished M. S .  thesis. The Uni­
versity of Tennessee. 
TAB LE 12 
RADIOACTIVI TY OF CARTI LAGE MUCOPOLYSACCHARIDES l 
Per Cent Dietarl Sulfur as Su lfate Level of Malathion
2 
None 3 Diet Inorganic O r�anic 2 50. 400 
A o .42 (ca3Sso
4
) 0.25 . 7 8  :!: • 04 1.99 ! . 26 2 . 17 :!: • 204 
B 0 . 10 0.57 ( 35s-amino acid) .64 :!: . 10 1. 10 :!: • 20 1.2 8 ± . 26 
C 0. 10 (Ca35S04) 0.57 . 5 6 :t • 04 1.84 ! .2 9 4.48 ! .54 
D 0.00 0.67 ( 35s-amino acid) . 39 :t • 04 2. 37 :!: • 7 1  1. 8 3 :!: • 634 
1All data are averages of 5 trials expressed as counts/min./mM. 804 as a .percentage of the 
total ingested radioactivity ± the standard error of the mean, unless indicated otherwise. 
2Mg. of malathion given/kg. of rat. 
3
Gilmore, M. F. 1963 A comparison of the utilization of organic and inorganic sulfur by the 
rat. Unpublished M. S. thesis. The University of Tennessee. 
4Four animals per group. 
0\ 
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1 1 , pa ge 62 , and Tab le 12 , page 64 , cou ld be obta ined . S ince rats fe d 
a low sulfur d ie t  have been shown to synthe s ize mucopo lys acchar ide s 
s l owe r than those with sufficient sulfate , the spe c ific act ivity wou ld 
not be di luted as fast  by new synthe s is ; there fore , in orde r for this 
di ffe rence to show up the re mu st be re synthe s is of mucopolys accharide s .  
Ma lathion administrat ion above 250 mg . /kg . dr astica l ly inhibits ne w 
synthe s is of mucopo lys accha ride s (Table 5 ,  pa ge SO) , so  ne w synthe s is 
wou ld not occur at a rate sufficient ly rapid to ove rcome the difference 
in the origina l labe ling of the mu copolys accha ride s and the patte rn of 
2 50 mg . /kg . of ma l athion wou ld not be obta ined with 400 mg . /kg . a s  
shown . 
The next tab le (Table 1 3 ) shows that the highe st  le ve l of 
35s ­
su lfur wa s found in the fe ce s of the norma l rats  fed a 0 . 10 pe r ce nt of 
su lfate diet . In  contra st , whe n the ra ts  we re given ma lathion the 
highe st  leve l  of 
35s -sulfur wa s found in the fe ce s  of rats  fe d the diet  
low in su lfate (0 . 00 pe r ce nt) . The data  show a gre ate r mobi lizat ion 
of 35s -su lfur from the ti s sue s  of rat s fed the low su lfate die t . S t a­
tistica l an alysis  showed s ign if icant incre ase s  in 
35
s excret ion in fe ce s 
of rats  fe d the 0 . 00 pe r cent of su lfate diet  and 400 mg . of ma la thion/ 
kg . as  compa re d with the two 0 . 10 pe r cent of su lf ate die t s ( 35s -
35 cyste ine , . O S >  P > . 0 2 ; Ca 804 , . 0 1 ) P > . po l) . When rats  we re fe d 
the 0. 00 pe r cent of su lf ate diet  and 2 50 mg . of ma lathion/kg . ,  the re 
we re s ignif icant in cre ases  in 35s excret ion in fe ces  a s  compared with 
the va lue s obtaine d whe n rats we re fed the 0 . 10 pe r cent and the 0 . 42 
pe r ce nt of su lf ate diet s (c a 35S04 , 0 . 10 pe r cent , . 0 5 ) P / . 02 ; 
Die t  
A 
B 
C 
D 
TABLE 1 3 
RADIOACTIVI 'IY  OF FECES l 
Per Cent Dietary Su lfur a s  Sul fate 
Inor�anic 
o . 42 (ca 35so4) 
0 . 10 
o .  10 (Ca 35so 4) 
0 . 00 
O r�anic 
0 . 2 5 
0 . 5 7 c 35s -amino acid )  
0 . 57 
0 . 67 c 35s - amino a c id )  
None 3 
1 . 47 ± . 2 3  
1 .  52 :!: . 44 
1 . 9 7 ! . 40 
1 . 2 1 :t . 2 3  
Leve l  of  Ma lathion2 
250 
0 . 46 :!: . 08 
l . l l :!: . 19 
0 . 7 3 :t . 0 8 
1 .  24 :!: . 16 
400 
1 .  33 :!: . 2 74 
1 . 14 ± . 1 1 
0 . 9 1 ! . 10 
L 60 ± . 184 
1A l l  data a re ave ra ge s  of 5 tria l s  expre s sed  as  a percentage of the tot a l  inge sted rad io­
activity ± the s tandard e rror of the me an ,  un le s s  indica ted othe rwise . 
�g . ma la thion/kg . of rat . .  
3Gi lmore , M .  F .  1963 A comparison of  the uti l ization of  organ ic and inorganic sulfur by 
the rat . Unpubl is hed M .  S .  the s is .  The Unive rs ity of Tenne ssee . 
4Four anima ls  per group . 
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0 . 42 pe r cent , . 02 > P "? . 0 1 ) . The re wa s a l so a s ign if icant incre ase 
. 358 . . h f f f d h 
35 . 0 10 in excre tion in t e e ce s  o rat s e t e 8 -cyste ine . pe r 
cent of su lf ate die t  and 2 50 mg . of ma la thion/kg . a s  compa re d with the 
va lue for the 0 . 42 pe r cent of su l fate d iet  ( . 0 1  > P > . 00 1 ) . 
The source of the organic su lfur in the work of Gi lmore shown in 
Tab les  12 and 1 3 , pa ge s  64 and 66 , re s pe ctive ly ,  wa s me thion ine while 
cyste ine wa s substituted for the amino acid in this study . Previous 
wo rk2 in this labora tory ha s shown tha t the se sulfur amino acids  are 
inte rchange able a s  end ogenous source s of inorgan ic sulfate . . 
An incre ased mobilization of 
35s a s  a re su lt of ma lathion admin� 
istra tion when a low su lfur die t  is fed is a l so shown in Tab le 14 . 
The va lue for the rats  fed the low inorganic su lfur d ie t  and given 2 50 
mg . of ma la thion/kg . is ove r twice as la rge as the va lue for rat s fed 
the d ie t  high in inorganic su lfur . When rats  we re fe d the diet con­
taining a low leve l of inorganic su lfur (0 . 00 pe r cent ) and give n 2 50 
mg . /kg . , the re we re s ign if icant incre a se s  in the 
35
8 excret ion in the 
urine a s  compa red wit h the va lue s obtaine d when rat s we re fed die t s  
conta ining high ( . 0 1  > P .> . 00 1 ) and norma l (ca 358o4 , . O S  > P  ;,, . 0 2 )  
leve l s of  inorganic su lfu r .  
35 An attempt wa s made to ident ify the 8-excre tory product s in 
the urine and fe ce s  in orde r to de te rmine the source s of the 35s be ing 
mobilized . The 
35s compound iso lated from both ur ine and fe ce s wa s 
2 Fu lton , 8 .  F . Unpub lished ob se rvat ion . 
Diet 
A 
B 
C 
D 
TABLE 14 
RADIOACTIVI TY OF URINE 1 
Per Cent Dietary Sulfur as Sulfate 
Inor&�nic or,anic 
0 . 42 (Ca35S04) 
0 . 10 
35 
0 .  10 (Ca S04) 
0 . 00 
0 . 25 
0 . 57 (35s-amino acid) 
0. 57 
0 . 67 (35s -amino acid) 
le vel of Malathion2 
2 50 400 
2 . 28 ! . 56 
3. 05 ! 1 . 51 
2 . 51 ·  :!: . 98 
5 . 09 ! . 56 
4 . 17 ! . 7 13 
3 . 68 � . 34 
3 . 00 ! . 55 
3 . 82 ! . 363 
1All data are averages of 5 trials expressed as a percentage of the total ingested 
radioactivity ± the standard error of the mean, unless indicated otherwise . 
�g . malathion given/kg. of rat . .  
3Four animals per group . 
°' 
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found to be water so luble .  The appearance of several rad ioactive 
bands on paper chromatographs of urine and fecal extracts ind ica tes 
that more than one compound is present . Further re search wil l have to 
be done before identif ication of these compounds is possib le . 
CHAPTER V 
SUMMARY 
The e f fe ct of ma l athion administration on the ace ty lcho line 
3 5  = 
este rase activity and the fixation of a te st dose of so4 was com-
h d · f .  . 
35 
= h b pared . T e  ecre ase in ixation of so4 was s own to e a  more 
se nsitive me thod of de tecting toxicity than de pre ssion of acetylcholine 
esterase since the de pre ssion of the enzyme was ne ve r more than 22 per 
ce nt with the highest le ve ls of malathion whi le an  82 pe r ce nt de pre s­
sion in sul fate fixa tion was obtaine d with fema le · rats give n 300 mg. 
of malathion/kg . of rat. By fee ding ma lathion in the die t , the conc lu­
sion was made tha t rats have a high tole ran ce for ma lathion give n in 
this ma nne r since the re was no significant de pre ssion . in ace ty lcholine 
este rase activity or 
35
s -fixation as obtaine d whe n ma lathion was · give n 
b h be 1 f d . . 
. 
1 h "  
35 
1 h "  y stomac tu . As a re su t o  a min istering ma at ion- S ,  ma at ion 
was found to be excre te d main ly in the urine with some feca l excre tion . 
A ve ry sma l l  amount ·of malathion was found in the liver , brain , and rib 
cartilage with the largest conce ntration in the se tissue s being found 
in the live r .  
I f  the sul fur pools of the rats we re labe le d by feeding die ts 
containing either c a 35so4 or 
35
s -cysteine , fee ding 400 mg. of ma lathion/ 
kg . resulted in a two-fold incre ase in 35s excre tion in both the 
. f b . d f 
3 5
s 1 . f . 1 1 ur ine and ece s .  Data o ta ine rom ana ysis o carti age mucopo y-
saccharide s and livers of the se rats indicated that e ste r sulf ate is 
70  
7 1  
the source of the mobilized sulfur. 
Malathion was shown to change the normal labeling pattern of 
cartilage mucopolysaccharides when diets varying in the level of in­
organic sulfate were fed. A greater mobilization of 35s resulted in 
an increase in 35s excretory ·products in both urine and feces of rats 
given malathion and fed diets low in inorganic sulfur than when fed 
diets containing normal or high levels of inorganic sulfur. 
Attempts were made to identify the compounds mobilized and 
excreted in urine and feces. Identification was not made but the 35s 
compounds are believed to be water soluble and possibly to originate 
from more than one source . 
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